Polar perovskite oxide surfaces are subject to structural reconstruction as a possible stabilisation mechanisms, which changes the surface structure and hence the surface chemistry. To investigate this effect, we study the oxygen evolution reaction (OER) on the reconstructed (001) surface of NaTaO 3 , by means of density functional theory (DFT) calculations and compare it with the non-polar (113) surface of the same material. For the clean surface the reconstruction has a beneficial effect on the catalytic activity, lowering the minimal overpotential from 0.88 V to 0.70 V while also changing the most active reaction site from Na to Ta. Under photocatalytic conditions, the Ta sites are covered by oxygen adsorbates, rendering a lattice oxygen site on the NaO terrace the most active with a very low overpotential of 0.32 V. An alternative surface reconstruction stable in contact with water leads to an oxygen coupling mechanism with an overpotential of 0.52 V. Our results show that terraced surface reconstructions enable novel reaction pathways with low overpotentials that do not exist on other nonpolar NaTaO 3 surfaces nor on non-polar surfaces of chemically similar materials such as SrTaO 2 N.
Introduction
Among perovskite structured tantalates, sodium tantalate NaTaO 3 has received much attention for photocatalytic water splitting due to its outstanding quantum and photocatalytic efficiency. 1, 2 In this material the larger A-site cation (Na) is 12-fold coordinated by oxygen and located at the corners of a pseudocubic unit cell, while the center of this cell is occupied by the smaller B-site cation (Ta) that is octahedrally coordinated by oxygen (see Figure   1a ). For NaTaO 3 , the formal charges of Na, Ta, and O are +1, +5, -2 respectively. Consequently, the (001) surface is formed by stacking of charged TaO 2 and NaO layers, with formal charges of +1 and -1 respectively (see Figure 1b) . The surface is hence of type III in
Tasker's classification 3 and is polar and unstable due to its diverging electrostatic energy.
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Such an instability can be compensated either by adsorption of charged species or electronic or ionic reconstruction.
5,6
Figure 1: NaTaO 3 a) bulk and b) non-reconstructed (001) surface.
While the atomic structure of NaTaO 3 surfaces has to the best of our knowledge not been investigated experimentally and only sparsely by theory, 7,8 the closely related compound KTaO 3 has been investigated much more intensively. Secondary ion mass spectrometry revealed a gradual K enrichment of cleaved (001) surfaces that was interpreted as a bulk to surface migration of K atoms. 9 A similar evolution of the surface was observed by helium atom diffraction, where an almost equal proportion of TaO 2 and KO terminations right after cleaving gradually converted to a pure KO termination. 10 Supported by density functional theory (DFT) calculations, 11 the authors postulate a terraced surface structure and a migration of K atoms to KO step edges that leads to the disappearance of the TaO 2 termination. 10, 12 An ionic reconstruction with alternating KO and TaO 2 rows is also supported by more recent DFT calculations, 13 while other calculations reported a purely electronic reconstruction and a transition from a KO to a TaO 2 terminated surface when going from oxygen-poor to oxygen-rich conditions. 14 The terraced surface structure of KTaO 3 is supported by a recent scanning tunnelling and atomic force microscopy study combined with Given the similarity in ionic and electronic structure of NaTaO 3 and KTaO 3 , it seems sensible that NaTaO 3 will assume a surface reconstruction similar to KTaO 3 to compensate polarity. Significantly lower surface energies compared to the non-reconstructed terminations were reported for the terraced reconstructed surfaces of both NaTaO 3 and KTaO 3 with terrace widths of 3 cells. 8 However for both materials a so-called cation-exchange reconstruction was reported to be even lower in energy, the formation of which may however be kinetically hindered 8 leading to the experimentally reported prevalence of the terraced reconstruction for KTaO 3 .
15 Due to the larger driving force, the appearance of the cation-exchange reconstruction is more likely for NaTaO 3 than KTaO 3 8 but due to a lack of experimental data
is it yet unclear if the kinetic barriers retain the terraced reconstruction also for the former material. For this reason we work here under the assumption of a terraced reconstruction also for NaTaO 3 .
Surface features such as the step edges appearing on this reconstruction are known to affect the surface chemistry of oxides. Å, from which half of the topmost NaO layer has been moved to the bottom surface of the slab. Periodic images of the slab are separated by a vacuum of 15 Å along the surface normal direction and the bottom two atomic layers as well as the moved NaO half layer were fixed at bulk positions. In addition, a dipole correction 23 was applied along the z-direction for all slab calculations. Reciprocal-space integration was performed with a 4×1×1 MonkhorstPack mesh. 24 Structures were relaxed with a threshold of 10 −3 eV −1 and 10 −6 eV for forces and total energies respectively.
We characterise the stability of a surface by its surface energy, which for our stoichiometric slabs is given by
where E slab is the total energy of the slab, N is the number NaTaO 3 bulk formula units in the slab, E bulk is the energy per formula unit in the bulk and A is the surface area of the slab.
All reactions energies ∆G(U b , pH) under given pH and potential (U b ) conditions were calculated within the computational standard hydrogen electrode approach:
where ∆E is the DFT-calculated reaction energy, -eU b and −k B T · ln(10) · pH account for the electron and proton reservoirs respectively and ∆ZPE and ∆S are the changes in zero point energy and entropy respectively of the reaction step as given in our previous paper.
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We characterize the OER activity of a given surface by its thermodynamic overpotential η, which is the potential for which all PCET steps have free-energy changes smaller than the equilibrium potential of 1.23 V:
3 Results and discussion
Surface reconstruction
For the reconstructed NaTaO 3 (001) surface with a terrace width w=4 shown in Figure   2a ), we predict a surface energy of 1.20 Jm 2 (see Table 1 ), which is very similar to the previously reported 1.17 Jm 2 for w=3. 8 Comparing this to the surface energies of the nonreconstructed (001) surfaces as well as the higher index non-polar (113) surface, 18 we find the NaO-terminated (001) surface to be the least stable followed by the reconstructed (001) and the TaO 2 -terminated (001) surface, while the formally non-polar (113) surface (see Figure   2b ) is the most stable (see Table 1 ). While the high energy of the NaO-terminated surface is not surprising, given the sequence of formally charged layers, the relatively low energy of the TaO 2 -terminated surface is unexpected. We however believe it to be an artefact of our rather thin slabs as higher surface energies were reported for thicker slabs. 8 Taking this into considerations, the reconstructed (001) and the (113) surface both have low surface energies with a difference of only 0.08 J/m 2 and could both be exposed. As shown in Figure 2 , these two surfaces differ in the coordination of their exposed Ta sites, which are square pyramidal (Ta 5c ) coordinated on the reconstructed (001) surface but distorted tetrahedral coordinated (Ta 4c ) on the (113) surface.
OER on clean surfaces
To study the effect of the surface reconstruction on the OER activity, we computed free energy differences for the reaction steps on the reconstructed (001) surface. Among the reaction mechanisms reported in the literature, we adopt the conventional one, 26 which is Figure 3a) . In the first step a water molecule is deprotonated and forms an adsorbed hydroxyl *OH, which is then deprotonated to form an adsorbed oxygen *O. In contact with water a further deprotonation step leads to an adsorbed hydroperoxyl group *OOH, which is released as O 2 after a final deprotonation step as shown by equations 4-7:
Here * is the active site on the surface, *OH, *O, *OOH are intermediates adsorbed on the active site, and A, B, C, D, are labels for the water oxidation steps. We consider as active sites all inequivalent Na i or Ta i sites (see Figure 4) , where the former are top sites, while the latter are bridge sites between two adjacent Na atoms. In Table 2 we report the adsorption energy of the OER adsorbates and the resulting overpotential for all inequivalent Ta and Na sites on the reconstructed (001) surface. The adsorption free energy with respect to water and hydrogen was computed as
where the adsorbates are i = OH, O, OOH, the free energies G contain the DFT total energy as well as ZPE and entropy contributions and the coefficients n and m are chosen to provide the number of O and H atoms contained in the adsorbate. The differences between adsorption energies at different Ta sites are generally small. We see however a clear trend for less positive adsorption free energies (stronger binding) of all adsorbates at the step sites Ta 1 and Ta 4 compared to the terrace sites Ta 2 and Ta 3 . Differences in binding geometry do not correlate with the binding strength (see supporting information Figure S1 ) and we hence associate the stronger binding at Ta 1 and Ta 4 with the interaction of the adsorbate with the Na ions at the step edge. For all Ta sites the overpotential-determining step (ODS) was found to be the formation of OOH (step C) and the lowest overpotential is about 0.70 V at the terrace sites Ta 2 and Ta 3 . Since ∆G O -∆G OH is larger for terrace than step sites, this is in good agreement with the universal scaling relations. On the NaO terrace, we find bridge adsorption sites to be most favoured (see Figure 4 ). As shown in Table 2 the difference in adsorption energies of the intermediates are fairly small for the three Na sites and result in a difference in overpotential of about 0.1 V, the ODS being the deprotonation of OH (step B) in all cases. The Na 2 site at the center of the terrace has a lower overpotential (1.36 V) than Na 1 and Na 3 sites more towards the edge of the terrace. Comparing with the (113) surface, which has the same ODS (step B), we find that the most active Na sites on the reconstructed (001) surface have a significantly higher overpotential (1.36 V) compared to the (113) surface (0.88 V). 
OER under operating conditions
Next, we determine the surface adsorbate coverage on the reconstructed (001) surface as a function of the potential by computing Pourbaix diagrams as shown in Figure 6 . We explored separately covering the TaO 2 and NaO terraces with O and OH adsorbates at coverages ranging from 1/4 to 1 monolayer (ML) as well as configurations where both terraces are covered simultaneously. The clean surface is only exposed at potentials below 0.76 V at pH 0, before it becomes OH covered on the TaO 2 terrace and ultimately O covered on both terraces for potentials greater than 1.32 V. For the (113) surface, 18 we found a similar sequence of transitions, however at slightly lower potentials (0.66 and 0.99 V) and with an intermediate 1 ML O coverage on just the Ta sites. Interestingly, we observe for both surfaces a recombination of adjacent O adsorbed on Na sites (see state S3 in Figure 6 and Figure 7a ).
Solar irradiation is expected to yield potentials above 1.32 V and we thus consider state S3 in Figure 6 as relevant under application conditions. Given that the O 2 formed on the NaO terrace is not bound to the surface, we remove it and consider a full O coverage only on the TaO 2 terrace as shown in side and top views in Figures 7b and 7c . We compute the OER on Ta sites, initially considering the conventional mechanism ( Figure 3a ) starting with the formation of *OOH on a preexisting *O adsorbate (step C). We find an overpotential of 1.11
V at the step sites Ta 1 and Ta 4 , while terrace sites Ta 2 and Ta 3 have an overpotential of 1.31
V. These overpotentials are higher than the ones reported above for the clean surface and In addition to the conventional mechanism at Ta sites, we also consider an alternative mechanisms that proceeds by direct coupling of O adsorbates at adjacent sites (see Figure   3 b). 25, 30 While this mechanism was not possible on the (113) surface 18 due to the large distance of 5.47 Å between Ta sites, the (001) surface has shorter Ta-Ta distances of ∼ 3.87 Å. We consider the coupling between the sites marked with C 1 and C 2 arrows in Figure 7c and find overpotentials of 0.88 V and 0.95 V respectively, the deprotonation of the first OH (step C') being the ODS in both cases (see supporting information Figure S2 b ).
On the NaO terrace, we consider both the conventional mechanism and coupling of neighboring O adsorbates and find both mechanisms to have the same overpotential of 1.11
V with the formation of *OH as the ODS. The (113) surface on the other hand had a significantly lower overpotential of 0.79 V for the coupling mechanism. 18 In addition, we notice a tendency for OH and O adsorbates on the NaO terrace to migrate away from the bridge site and to bind with lattice oxygen. We did observe this neither on the NaTaO 3 Above we discussed the OER on the reconstructed surface as it was observed under ultrahigh vacuum (UHV) conditions. 15 However in the same study the authors report a second reconstruction with 2x1 periodicity that is based on hydroxylated steps running along the [100] direction and which forms after exposing the surface to water, which was confirmed in a later study. 8 We also consider the OER on this reconstruction (shown in Figure 8a ), which experimentally coexists with the one considered in the previous section. 15 We however assume that under photocatalytic conditions, the hydroxyls are deprotonated as shown in Figure 8b ) and c). Given the stepped structure of the surface, the conventional mechanism starting from an O at the step edge, can also be considered equivalent to the above LOER pathway on the NaO terrace. For this mechanism, we compute an overpotential of 0.64 V with step C (OOH formation) being the ODS. In analogy to what was shown above for the UHV reconstruction, the recombination of neighboring oxygen adsorbates represents an alternative pathway. We consider coupling of oxygen adsorbates from adjacent steps (pathway C 3 ), across a step (pathway C 4 ) and along the step edge (pathway C 5 ) as shown in Figure 8c . We find the lowest overpotential of 0.52 V for pathway C 3 , which does not involve interaction with Na atoms during coupling, while pathways C 4 and C 5 both have a larger overpotential of 0.63 V. We note however that these coupling pathways may be associated with additional kinetic barriers.
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We have studied the OER activity on reconstructed (001) surfaces of NaTaO 3 by DFT calculations. On the clean UHV reconstructed surface we find the most active Ta and Na sites to have overpotentials of 0.70 and 1.36 V respectively. Compared to our previous results for NaTaO 3 (113) , 18 this implies that the Ta site is significantly more reactive on the reconstructed (001) surface, while the Na site is less reactive. Under photocatalytic conditions, the Ta sites are covered by O adsorbates, which leads to high overpotentials of ∼ 1.1 V. The adsorbate coverage however also results in a change in OER mechanism on the NaO terrace, where instead of the conventional mechanism, we now find a lattice oxygen evolution mechanism to be most active with a very small overpotential of 0.32 V.
On an alternative surface reconstruction that was reported to be stable under exposure to water, we find a coupling mechanism between adjacent rows to be most active with an overpotential of 0.52 V. These results show a high sensitivity of the OER activity on the surface orientation and concomitant reconstructions of the same material. Moreover we show how different reconstructions of the same surface orientation can lead to dramatically different OER mechanisms and very different activities.
